We discuss the properties of composite (or vector) spatial optical solitons created by the incoherent interaction of two optical beams and associated with higher-order modes guided by a soliton-induced waveguide in a bulk medium. Such stationary (2 ϩ 1)-dimensional self-trapped localized structures include, in particular, vortexand dipole-mode vector solitons and also incorporate higher-order multipole spatial solitons in a bulk medium, such as quadrupole solitons and necklace-type composite beams. We overview our theoretical and experimental results for the structure, formation, and stability of these self-trapped composite optical beams and also discuss the effects of anisotropy and of the nonlocality of the photorefractive nonlinearity on their properties. Additionally, we demonstrate, analytically and experimentally, that an array of the dipole-mode vector solitons can be generated as a result of the transverse instability of a quasi-one-dimensional two-hump soliton stripe in a saturable nonlinear optical medium.
INTRODUCTION
Optical spatial solitons in (2 ϩ 1)-dimensions are localized particlelike waves created by self-trapped light propagating in a nonlinear bulk medium. 1 These light ''particles'' can possess topological phase properties analogous to charge. Moreover, several light beams can combine to produce a vector soliton with a complex internal topology. This process is somewhat analogous to the formation of a solitonic ''molecule'' from the elementary constituents.
Multibeam (or multicomponent) solitons can be thought of as a generalization of the well-known concept of vector solitons, introduced to describe the self-trapping of an elliptically polarized optical beam. In a standard vector soliton two components represent two orthogonal polarization states. Properties of such vector solitons have been extensively studied in both self-focusing [2] [3] [4] [5] and self-defocusing 6 media. The concept of multicomponent spatial optical solitons was introduced by Christodoulides et al. 5, 7 for (1 ϩ 1)-dimensional incoherently interacting optical beams. These authors showed that a superposition of two (or more) mutually temporally incoherent optical beams may result in the formation of a stable robust entity-a (1 ϩ 1)-dimensional multicomponent or, as they called it, a ''multihump'' composite soliton. A singlecomponent spatial soliton is a fundamental mode of the waveguide it creates in a nonlinear medium, 8 whereas the constituents of a vector soliton propagate as the corresponding higher-order modes of the self-induced waveguide. The simplest two-mode soliton of this type consists of a fundamental (nodeless) beam and a first-order (single-node) beam propagating in a stationary manner as a single or multipeak structure, depending on the power of each beam. In general, a multimode vector soliton can have any number of interacting components. 9 As usual, linear stability is extremely important in soliton physics. Fundamental single-component solitons are known to behave as very robust particlelike objects. The linear stability of two-component vector solitons was studied by Ostrovskaya et al. 10 It was shown that double-peak structures can be dynamically stable, but that all three-peak structures are always unstable.
The first experimental demonstration of multicomponent solitons was reported by the Princeton group. 7 In this experiment, two copropagating temporally mutually incoherent optical beams were launched into a photorefractive crystal that exhibited inertial self-focusing nonlinearity. The initial phase structure of the beams was adjusted in such a way that they would mimic higherorder guided modes of a planar waveguide. The mutual incoherence of the beams was achieved by choosing their path difference to be larger than the coherence length of the laser. As a result, the relative phase of the beams was rapidly varying in time. Since the photorefractive nonlinearity is slow, the crystal could respond only to the time-averaged light intensity, which was the sum of the intensities of the constituents. In this way both beam components were seen by the medium as mutually temporally incoherent. Both single-peak and multipeak spatial solitons were observed in this experiment.
Recently the concept of multicomponent spatial optical solitons was extended to two transverse dimensions. First Musslimani et al. 11 introduced the vortex-mode vec-tor soliton, which has a nodeless shape in one component and a vortex beam in the other component. However, it appears that such a radially symmetric, ringlike vector soliton (which is analogous to the Laguerre-Gaussian (LG) modes of a cylindrical waveguide) undergoes a symmetry-breaking instability 12, 13 that transforms it into a radially asymmetric dipole-mode vector soliton. The dipole-mode vector soliton is a novel type of optical vector soliton that originates from trapping of a dipole HermiteGaussian (HG 01 )-type mode by a fundamental-solitoninduced waveguide created by the other, incoherently coupled, copropagating beam. In principle many other topologically complex structures may be created. However, only the dipole-mode vector soliton is expected to be dynamically robust. In particular, being launched with nonzero initial angular momentum, such a dipole structure survives in the form of a propeller soliton. 14 In this paper we study the simplest kind of multicomponent soliton in the (2 ϩ 1)-dimensional geometry, namely, two-mode structures consisting of a fundamental mode and a higher-order mode of the self-induced waveguide. The resulting multipole solitons are a direct analog of the multihump solitons in the (1 ϩ 1)-dimensional geometry. First, we discuss our analytical model of multicomponent solitons in an isotropic medium and its predictions for vector soliton formation and stability. Then we briefly discuss the effects of anisotropy and nonlocality of the photorefractive nonlinear medium on the properties of the multipole solitons. Second, we present experimental results demonstrating the formation of the multipole solitons in a nonlinear photorefractive strontium barium niobate (SBN) crystal. Finally, we discuss theoretically and demonstrate experimentally a new type of transverse instability of two-component stripe beams, which leads to the formation of an array of two-dimensional dipole-mode vector solitons.
THEORY A. Model and Soliton Structures
We consider two incoherently interacting optical beams propagating along the direction z in a bulk isotropic saturable medium. Although the experiments that we discuss below were conducted in an inherently anisotropic photorefractive material, the isotropic model gives an immediate insight into the properties of multipole solitons. Moreover, the results obtained for the model discussed here can also be readily generalized to other nonlinear models. The normalized equations for the slowly varying beam envelopes, E 1 and E 2 , can be written as follows 5, 15 :
where ⌬ Ќ is the transverse Laplacian. Stationary, (2 ϩ 1)-dimensional localized solutions of these equations can be found in the form
where ␤ 1 and ␤ 2 are two independent propagation constants. Measuring the transverse coordinates x,y in the units of ͱ␤ 1 , and introducing the soliton parameter,
, we derive the stationary equations for the normalized functions u and w:
where F(I) ϭ I(1 ϩ sI) Ϫ1 , I ϭ u 2 ϩ w 2 , and s ϭ 1 Ϫ ␤ 1 is the saturation parameter. The limit s → 0 corresponds to the Kerr medium.
As has been discussed recently, 12 when the beam component w is weak, the linear waveguiding theory can be applied. In this limit a soliton formed by the u component can induce a change in the refractive index of the nonlinear material that traps and guides the weaker w component. If the waveguide is induced by a fundamental, bell-shaped soliton, its nonlinear guided modes form a set analogous to the Hermite-Gaussian and LaguerreGaussian linear modes supported by a radially symmetric waveguide. 16 At higher intensities of the trapped beam, when the linear theory no longer applies, the two beams constitute a vector soliton that is self-trapped by a composite refractive-index change induced by both beams. Apart from the bell-shaped vector solitons corresponding to the ground-state mode supported by the solitoninduced waveguide, one may anticipate various types of higher-order (2 ϩ 1)-dimensional vector solitons. For example, a radially-symmetric vortex-mode vector soliton 11, 13 is generated by a nodeless beam guiding the other component with a nonzero topological charge; it has the doughnut structure of a Laguerre-Gaussian (LG 0 1 ) mode. A radially asymmetric dipole-mode vector soliton has one nodeless component and another component with the structure of a Hermite-Gaussian (HG 01 ) mode. The existence domain for the radially asymmetric dipole-mode vector solitons of our model, Eqs. (2), was described in Ref. 11 . A typical example of such a soliton is shown in Fig. 1 (a) along with a phase distribution in a dipole-mode constituent. Linear and dynamical stability analyses of these solitons have revealed their robustness with respect to both small and large amplitude perturbations. 12 The dynamical stability of these solitons was tested numerically for propagation distances as great as several hundreds of diffraction lengths. Overall, the analysis of Ref.
12 established that the dipole-mode vortex solitons are more stable than their vortex-mode counterparts, and therefore they are more likely to be successfully observed in an experiment.
The family of radially symmetric vortex-mode solutions of Eqs. (2) , u ϭ u(r), w ϭ w(r)exp(im ), with no topological charge in the u component and a single-charged vortex (m ϭ Ϯ1) in the w component, was numerically found in Refs. 11 and 13. In Fig. 1(b) we present a typical soliton solution of this family, along with the helical phase distribution needed to generate a vortex in the w component. The dynamical and linear stability analysis of the solutions found in Refs. 12 and 13 has proved that all such vortex-mode vector solitons are linearly unstable. The instability growth rate is positive for any vanishingly small amplitude of the w component, and it increases with the vortex intensity. Like the vortex beam, which is unstable in an isotropic focusing medium [17] [18] [19] [20] and breaks up into a few fragments, the vortex-mode soliton exhibits a similar symmetry-breaking instability. In turns out that the vortex-mode soliton always decays into a radially asymmetric dipole-mode soliton with nonzero angular momentum which can survive for very large propagation distances. 12 In contrast to the asymmetric dipole-mode soliton, the radially symmetric solutions of Eq. (2) can be found by a simple shooting technique, modified for two-component systems. Using this method, we have found an entire family of vortex-mode solutions with the charge m ϭ 1 in the w component. Figure 2 (a) shows the power diagram of the vortex-mode soliton for the case s ϭ 0.5. Here we reveal the bifurcation phenomena when a scalar soliton is transformed into a vector soliton when the soliton parameter is changed. It is clearly seen in Fig. 2 (a) that near the cutoff of the vortex component (point A) the power of the vector soliton coincides with the power of a scalar, bell-shaped soliton. The exact soliton profile corresponding to the vicinity of this bifurcation point is plotted in Fig. 2 
(c).
On the other hand, there is the second bifurcation point (point B); near that point the vortex component plays the role of an effective waveguide that traps a fundamental beam. Above this point the total power of the vector soliton coincides with the power of a scalar vortex. Strictly speaking, the shape of the fundamental beam near its cutoff (point B) is more complex. The intensity at the origin has a minimum (but does not vanish), and the solution is an eigenmode of the ring-shaped waveguide [exact profiles with ϭ 0.75 are shown in Fig. 2(d) ]. The existence domain of the vortex mode is shown in Fig. 2(b) . For a given value of the saturation parameter s, the vector structure can exist only for in the region limited by the bifurcation points. The amplitude profiles of the vortex-mode soliton near both bifurcation points are shown in Fig. 2 (c) and Fig. 2(d) , respectively.
B. Variational Approach
As we mentioned above, in the waveguiding regime (i.e., when w Ӷ u) the equation for w describes the linear guided modes of a radially symmetric waveguide induced by the u component. In general, the asymptotic structure of these modes can be presented in the form
where A and B are free parameters, m is an integer, and K m (ͱr) is the modified Bessel function of order m.
Extrapolating the results of the linear waveguiding theory to the nonlinear regime (w ϳ u), one may expect that the mutual trapping of the two beams can result in a similar modal structure and that Eqs. (2) possess a family of two-mode localized solutions-multipole vector solitons. However, the studies of higher-order vector solitons have shown that their modal structure in the nonlinear regime is determined by the nonlinear interaction of both components and cannot be predicted by the linear theory. So far, numerical methods have proved to be the only available tool for analyzing the mutually trapped (2 ϩ 1)-dimensional states in the nonlinear regime, especially solitons with no radial symmetry. 12 Here we use a simple analytical variational approach to describe the modal structure of the localized solutions of Eqs. (2) with and without radial symmetry. 21 First, we recall the effective Lagrangian of the system of Eqs. (2),
where I ϭ ͉u͉ 2 ϩ ͉w͉ 2 . Following the analogy with the linear theory, we now introduce the anzatz of the form u → ũ (r), w → w (r)͓cos(m) ϩ ip sin(m)͔, where the values p ϭ Ϯ1 and p ϭ 0 correspond to the vortex and multipole (e.g., dipole, quadrupole, etc.) modes, respectively. Applying the variational technique, we integrate the effective Lagrangian (3) over , ͗L͘ ϭ ͐ 0 2 Ld, and derive the Euler-Lagrange equations for the radially symmetric functions ũ (r) and w (r),
where
is the radial part of the Laplacian and
where ⑀ ϭ ( p 2 ϩ 1)/2. In the case p ϭ 0 and m ϭ 1, Eqs. (4) 2) found by an optimized two-dimensional numerical relaxation technique. Figure 3 (c) shows a comparison between the direct numerical results (circles and triangles) and variational dependences (solid curves) for the soliton powers defined as P tot ϭ P u ϩ P w ϭ ͐(͉u͉ 2 ϩ ͉w͉ 2 )dr. For any given s, the soliton solutions are characterized by a certain cutoff value of , when the dipole-mode vanishes. Near the cutoff, the vector soliton can be described approximately by the linear waveguiding theory. Like the case of the vortex mode [ Fig. 2(a) ], there is a bifurcation point in Fig. 3(c) , when the total power of the dipole-mode coincides with the power of the scalar fundamental soliton. With increasing , the w component grows and deforms the effective waveguide generated by the fundamental u mode, so that, at large intensities of the dipole mode, the u component elongates and loses its radial symmetry [see Fig. 3(a) ]. We found that the power of the dipole-mode soliton has the lowest possible value in the whole class of solutions described by the adopted ansatz for various values of p and m. As follows from Fig. 3(c) , the variational approximation enables us to obtain the entire families of two-component localized solutions of Eqs. (2) Fig. 4 we show the intensity and amplitude structure of 4(a) and 4(b) quadrupole and 4(c) and 4(d) dodecagon multipole solitons obtained by a direct numerical integration of the coupled nonlinear equations (2). The quadrupole structure describes a coupled state of two dipole-mode solitons, and the stationary dodecagon-type solution resembles the so-called necklacetype solitary waves studied earlier as expanding (i.e., nonstationary) scalar structures in selffocusing Kerr media. 22, 23 Another indication of the quality of the variational solutions is that, when used as initial conditions for the numerical propagation routine for Eqs. tions of the variational equations (4). They have been subsequently numerically propagated over a long distance by use of the full dynamic equation (1) . In the example shown in Figs. 5(a) and 5(b) the initially approximate (variational) quadrupole and hexapole solutions converge to stationary states over a propagation distance z of approximately 3-4, and then they exhibit stable propagation for several tenths of a diffraction length.
The variational approach, developed here, allows us to study the higher-order modes of the multipole vector solitons as particular solutions of the variational equations (4) for the radial functions ū (r) and w (r). Two examples of first-order modes, i.e., double-ring structures, in the multipole (w) component of the quadrupole and hexapole solitons are shown in Figs. 5(c) and 5(d), respectively. Here, the initially bell-shaped u component of the quadrupole double-ring solution in Fig. 5(c) converges to a strongly modulated structure because, for given values s ϭ 0.5 and ϭ 0.5, this solution is already far from the cutoff. It should be noted that if the w (multipole) components of these solitons propagate separately (without the presence of the fundamental component), they rapidly disintegrate owing to the repulsive forces between out-ofphase lobes. The strong stabilization of the composite structures through the mutual incoherent interaction of both components, clearly seen in Fig. 5 , is the mechanism that allows us to expect the higher-order vector solitons to be experimentally observable.
C. Effect of Anisotropy and Nonlocality
So far we have discussed multipole vector solitons in a model of isotropic nonlinearity. However, the experimental results for the composite self-trapped beams discussed below are obtained by employing a nonlinearity of photorefractive crystals that is known to exhibit a strongly anisotropic nonlocal nonlinear response, usually characterized by an asymmetric induced refractive-index change. 24, 25 The anisotropy becomes particularly important for the interaction of several self-trapped beams, and two initially mutually incoherent solitons may experience both attractive and repulsive interactions, depending on their relative separation and location in the crystal. 26 Given the strong anisotropy of the photorefractive nonlinearities, it is crucially important whether all the theoretical predictions concerning the multipole vector solitons made for isotropic nonlinear media can be applied to the case of anisotropic nonlocal self-focusing media. In order to answer this question, we employ the two-beam generalization of the Zozulya-Anderson model, which takes into account the most important properties of photorefractive nonlinearities, [24] [25] [26] and demonstrate theoretically that stable dipole-mode vector solitons can exist even in anisotropic media with a nonlocal nonlinear response. Additionally, we reveal a number of new anisotropy-driven features of those solitons. Namely, all vector solitons with broken radial symmetry exhibit orientation-dependent dynamics. Our findings can be extended to a broader class of multipole solitons and have already been confirmed in experiment. 27 As above, we consider the interaction of two mutually incoherent optical beams with the envelopes E 1 and E 2 , propagating in a bulk anisotropic nonlocal nonlinear medium such as a biased photorefractive crystal. When the characteristic spatial scales are larger than the photorefractive Debye length and the diffusion field may be neglected, the steady-state propagation along the z axis of a photorefractive crystal with an externally applied electric field along the y axis is described by the equations [24] [25] [26] 
where g and E 0 are the normalized nonlinearity coefficient and the external field, respectively; I ϵ ͉E 1 ͉ 2 ϭ ͉E 2 ͉ 2 is the total intensity; ٌ ϭ x ‫)‪x‬ץ/ץ(‬ ϩ ŷ ‫;)‪y‬ץ/ץ(‬ and is the dimensionless electrostatic potential induced by the light with the boundary condition ٌ (r → ϱ) → 0. The propagation coordinate z is measured in units of the diffraction length, and the transverse coordinates are normalized by the characteristic beam size (x 0 ).
Equations (5) are highly anisotropic and do not allow radially symmetric localized solutions for solitary waves. Therefore we look for stationary solutions in the form
and numerically solve a two-dimensional eigenvalue problem for the mode amplitudes u,w by employing an iterative relaxation procedure. We search for the solutions when one of the components, say E 1 , creates a selftrapped fundamental (no nodes) beam in a photorefractive medium that traps and guides a weaker component E 2 in the form of the HG 01 mode with two lobes of opposite phase. 12 In the case of isotropic nonlinearity, such a dipolelike structure has an arbitrary orientation in the (x, y) plane. However, for model (5) we are able to find stationary solutions of this kind only for the specific orientation of the dipole axis perpendicular to the direction of the external field (see Fig. 6 ); otherwise our numerical procedure does not converge.
Beam propagation calculations show that the case of a dipole soliton with the orientation of the dipole axis along the direction of the applied field corresponds to a quasistable state while that with the dipole axis perpendicular to the field corresponds to a stable state. It turns out that the former (latter) orientation of the dipole component corresponds to a local (global) minimum of the corresponding nonlinear system. It appears from simulations that when we launch the initial beams according to the correct (stable) orientation of the dipole they create a very robust dipole-mode soliton. Increasing the input intensity of the first component leads to oscillations of the relative beam intensities near this stationary solution. For the perpendicular orientation the same dipole component is strongly affected by the anisotropy and usually diffracts. Such diffraction can be really slow when the intensity of the Gaussian beam is increased; thus we can identify this state as quasi-stationary, since it can be observed for many diffraction lengths of beam propagation. When the dipole is tilted around the stationary states, its dynamics becomes more complicated, and the dipole starts wobbling along the vertical axis, with its dipole component slowly diffracting with propagation. It appears that similar results are valid for other types of multipole soliton. 
EXPERIMENTAL RESULTS
To verify our theoretical predictions, we studied the formation of multipole vector solitons in a photorefractive SBN crystal by using the experimental setup shown schematically in Fig. 7 (see details in Refs. 21, 22, 28 and 29) . An extraordinary polarized laser beam ( ϭ 532 nm) was split into two parts. The first beam was transmitted through the phase mask (a set of glass slides) to imprint the required phase structure. In this way we could obtain, for instance, a dipolelike structure with a phase jump of across the beam along one of its transverse directions [see Fig. 1(a) ] or a higher-order structure consisting of an even number of symmetrically distributed (and out-of-phase) beamlets. The second beam was transmitted through the system of mirrors and then combined with the first beam; subsequently both beams were focused by the set of spherical or cylindrical lenses into the input face of the photorefractive crystal.
We used two samples of ferroelectric SBN crystal doped with cerium (0.002% by weight). The crystals measured (10 ϫ 6 ϫ 5) mm or (15 ϫ 8 ϫ 5) mm (a ϫ b ϫ c) . It is well known that photorefractive crystals biased with a strong dc electric field exhibit strong positive or negative nonlinearity depending on the polarity of the field. In our case the crystal was biased with a field of 1.5-2.5 kV applied along an optical axis (axis c in Fig. 7) , which resulted in a focusing, saturable nonlinearity. To control the degree of saturation, we illuminated the crystal with a wide beam derived from a white light source. We estimated the initial (i.e., at the input face of the crystal) degree of saturation to be of the order of unity in all our experiments. Since both components forming a vector soliton have to be mutually incoherent, one of the constituent beams was reflected from a vibrating mirror, M2. This imposed a fast phase variation onto the beam and made both components effectively incoherent inside the crystal because of the slow photorefractive response, which could not follow the fast intensity modulation.
To create a dipole and other higher-order mode vector solitons, we use a phase-imprinting technique in which one of the component beams is transmitted through an appropriately oriented set of microscopic glass slides (a phase mask). For instance, to create a dipolelike component, the glass slide was inserted into half of the laser beam and tilted until the (2m ϩ 1) phase shift between both halves of the beam was obtained (m ϭ 1, 2 ...) . Similarly, a quadrupolelike beam can be created with two perpendicularly oriented glass slides, which, after appropriate tilting, induce a (2m ϩ 1) shift between two neighboring quadrants of the laser beam. Typical experimental results are depicted in Figs. 8(a), 8(b), and 8(c) , where we show the formation of dipole quadrupole, and hexapole vector solitons, respectively. The first column in this figure shows the intensity of both (u and w) components at the input facet of the crystal. The second column displays the output intensity of both components when they are propagating individually in the crystal. In this case the Gaussian beam always forms a fundamental soliton, while the propagation of the multipole component leads to formation of a set of fundamental solitons repelling one another because of the initially imposed relative phase shift. However, when a multipolebearing beam is launched together with the Gaussian component, the third column of Fig. 8 , their mutual interaction creates an effective waveguide that traps all lobes of the multipole component, leading to the formation of a multipole vector soliton. The formation of dipole-mode vector solitons was also reported independently by Carmon et al. 29 Although the observed two-component structures appear to be pretty stable, they could easily be destabilized by a small relative shift of both components. Actually, only the dipole-mode vector soliton survives such a strong perturbation, which confirms its numerically found dynamical stability. 12 All other higher-order multipole solitons break up into a set of fundamental and dipole-mode solitons. This process is also influenced by the anisotropy of the photorefractive nonlinearity. As far as the anisotropy is concerned, it is appropriate to relate our theoretical results, which were obtained in the framework of the isotropic model, to the experimental observations performed in the anisotropic environment. As we have already mentioned (Subsection 2.C), numerical simulations indicate a strong influence of the anisotropy of the photorefractive nonlinearity on the formation and propagation of the dipole and multipole vector solitons. Our experimental results confirm these numerical predictions. In fact, we find that the multipole vector solitons can be observed experimentally only for a specific orientation of the beam lobes. In Fig. 9 we show numerical and experimental results of the formation of quadrupole vector soliton for two fundamental orientations. In the first case [ Fig. 9(a) ], corresponding to the correct orientation, the structure exhibits stable propagation, whereas for the other configuration [ Fig. 9(b) 
GENERATION OF A DIPOLE-SOLITON ARRAY THROUGH THE TRANSVERSE MODULATIONAL INSTABILITY
In this section, we discuss another aspect of the theory of multicomponent optical beams, namely, the transverse instability of one-dimensional composite soliton stripes. Transverse (or symmetry-breaking) instabilities of solitary waves were predicted theoretically almost 30 years ago 33, 34 (see also the review paper 35 ), but only recently both transverse and spatiotemporal instabilities were observed experimentally for different types of (bright and dark) spatial optical soliton. [36] [37] [38] [39] [40] [41] It has been established that the interaction between coupled waves forming the vector soliton brings many new features to the stability properties of composite solitary waves (see, e.g., Refs. 42 and 43). In particular, as was first shown by Musslimani et al., 43 the incoherent coupling between the components of a composite darkbright soliton can lead to a strong suppression of the soliton transverse instabilities. Instabilities of solitary waves that develop under the action of higher-order perturbations or temporal effects are known to initiate a breakup of a soliton stripe. Several different schemes of the breakup dynamics are known, 35 and the most interesting ones are associated with the generation of new localized structures that are stable in higher dimensions. In the scalar spatial case, this corresponds to a breakup of a bright-soliton stripe into (2 ϩ 1)-dimensional bright solitons in a self-focusing medium or to the generation of an array of vortices arising from the transverse instability of a dark soliton stripe.
Below, we describe analytically, verify numerically, and demonstrate experimentally a novel type of transverse instability of vector solitons: a decay of a composite soliton stripe into an array of dipole-mode vector solitons. We believe that this effect, along with a direct investigation of the linear stability of those solitons, 12 provides evidence of the robust nature of the dipole-mode vector solitons, which resemble molecules of light in their dynamics and interaction. 44 Our theory of the modulational transverse instability of the composite solitons is based on the linearization of the propagation equations (1) and the use of asymptotic analysis.
Details of the theory are published elsewhere. 45 Here it is sufficient to say that we indeed found the (1 ϩ 1)-dimensional composite solitons (soliton stripes) to be transversally unstable. The growth rate (␥) of this symmetric (neck-type) instability is given by
1/2 where p is the wave number of the transverse perturbation of the stripe, ϩ is the positive eigenvalue of the Hessian matrix U ij ϭ ‫ץ‬N i ‫␤ץ/‬ j , N 1,2 ϭ ͐ Ϫϱ ϱ ⌽ 1,2 2 dx are the conserved powers of the modes calculated for a particular stationary two-component multihump soliton with corresponding amplitudes ⌽ 1,2 , and ␤ 1,2 are the two independent propagation constants.
We have determined the growth rate ␥ (p) of the symmetric unstable mode numerically, and the results are summarized in Fig. 10 , where we also show the analytical result of the asymptotic analysis for small p (dashed line). The solid curve shows an approximate fitting to the curve
, where ␣ Ϸ 0.89 and p c Ϸ 1.36 are determined numerically.
To investigate the transverse modulational instability of two incoherently coupled beams, we solved Eqs. (1) numerically by using the beam propagation method. As an input condition, we take the (1 ϩ 1)-dimensional stationary solution perturbed transversely as follows:
where the function q(x, y) represents a noise term with the amplitude ϭ 10 Ϫ5 , and q(x, y) ͓Ϫ1:1͔. An example of the instability development is shown in Fig. 11 , where the initial neck-type modulation To verify our theoretical predictions, we have performed an experiment by using the setup described earlier (see Fig. 7 ). This time, however, we used a set of cylindrical lenses to form a (1 ϩ 1)-dimensional composite beam consisting of copropagating fundamental and dipole-mode stripes. This beam was then launched into the biased SBN crystal. A typical result of our experiments is presented in Fig. 12 . The images display the fundamental (u, top) and the dipole (w, bottom) components after propagation through a 15-mm-long nonlinear SBN crystal. As a result of the stripe instability, an array of the robust dipole-mode vector solitons is indeed formed. Here the perturbation of the stripe is induced by light scattering on the surface and in the bulk of the photorefractive crystal. We should note that the dipole-mode solitons are generated vertically, along the direction of the applied dc field, which appears as a nonpreferable direction in a photorefractive crystal, and it should be described by a theoretical model that takes into account the . Thus a single dipole rotates and aligns along the horizontal direction perpendicular to the applied electric field, as was described above. Nevertheless, the initial decay of a stripe and the formation of the dipole array seem to be only weakly affected by the anisotropy, and the main qualitative features predicted in the framework of the isotropic model are well reproduced in the experiment.
CONCLUSIONS
We have presented the concept of multipole vector spatial optical solitons, which are formed by the interaction of copropagating, mutually incoherent optical beams in a nonlinear saturable bulk medium. Such composite solitons can be viewed as coupled states of a fundamental and higher-order modes of the self-induced waveguide that they induce in the medium. We have studied the properties of such solitary waves, including their stability. In particular, we have demonstrated that the composite (2 ϩ 1)-dimensional solitons can be described quite accurately by means of a simple variational approach. Additionally, we have taken into account the realistic properties of the photorefractive nonlinear media, such as anisotropy and nonlocality, to provide a better understanding of the experimental results. Experimentally, we have demonstrated the formation of the twocomponent composite solitons in a nonlinear photorefractive SBN crystal. In particular, we have observed dipole, quadrupole, and hexapole vector solitons. Finally, we have found theoretically and demonstrated experimentally that a quasi-one-dimensional composite two-hump soliton stripe is unstable with respect to the transverse perturbations, and it breaks up into an array of (2 ϩ 1)-dimensional dipole-mode vector solitons.
